Based on measurements of the circulating red blood cell volume (V RBC ) in seven anaesthetized piglets using carbon monoxide (CO) as a label, plasma volume (PV) was calculated for each anim al. T he increase in carboxyhaem oglobin (COHb) concentration following administrat ion of a known amount of CO into a closed circuit re-breathing system was determined by diodearray spectrophotometry. Simultaneously measured haematocrit (HCT ) and haemoglobin (Hb) values were used for PV calculation. T he PV values were compared with simultaneously measured PVs determ ined using the Evans blue technique.
In daily clinical practice, circulating blood volume (BV) (the sum of V RBC and PV) is most frequently evaluated indirectly by arterial blood pressure, central venous pressure, cardiac output, pulmonary arterial occlusion pressure, HCT and urine production. However, these indirect estimates correlate poorly to direct measurements (Shippy e t a l. 1984 ) . A variety of tracers and labelling techniques have been developed for BV and PV determ ination based on the dilution principle.
Because of its strong af® nity to Hb, CO was proposed for determ ination of V RBC as early as 1882. Due to the lack of a reliable method for measuring the concentration of COHb this technique has been rarely used until recently.
T homsen and co-workers (1991 ) measured V RBC and calculated PV and BV in healthy, awak e volunteers with spontaneous ventilation using CO as a label (CO method). T he results were compared with values obtained by simultaneous volume determinations by Tc-label led erythrocytes, 125 I-album in and T 1824 (Evans blue). A good correlation was demonstrated between the albumin techniques and the CO method.
T he present study was performed in order to evaluate the usefulness of a closed circuit re-breathing CO administration system for PV determination in anaesthetized piglets on controlled ventilation. T he calculated PV determined with this method was compared with the PV simultaneously calculated using the Evans blue technique.
Materials and methods
Measurement of PV was performed indirectly with the CO method and directly with the Evans blue technique in seven immature, castrated male, domestic piglets (Norwegian landrac e Norhybrid, Stend Agricultural College, Norway). All animals were accompanied with a veterinary health certi®cate stating that they were healthy, with no signs of contagious animal diseases. In the animal facility all anim als were housed separated from other species, under controlled lighting (14 =10 ), tem perature 20 1 C, and humidity 50 10% RH. T hey were all acclimatized at the facility for at least 7 days before the experiments. T he anim als were fed twicedaily with a standard young pig feed. Feed was withdrawn 8 h prior to the study. Water was provided at all tim es.
Piglets with an average age (SD ) of 89.4 (14.8 ) days and mean weight of 33.4 (5.7 ) kg were studied. T he animal handling and procedures were approved by and in accordance with recommendations of T he Norwegian Stat e Commission for Laboratory Animals.
Balan ced general anaesthesia using isourane, fentanyl and midazol am was given according to a protocol as described previously (Husby e t a l. 1998). All anim als were placed on a controlled ventilation system (Cato Anaesthesia Workstation, Dra Èger, Germany) adjusted to an end-tidal carbon dioxide level in the range 4.5±5.0% .
Body temperature was kept between 38±39 C. Acetated Ringer's solution (5 ml=kg body weight=h) was given as a maintenancē uid. Surgically, the lines for haemodynamic measurements and blood sam pling were placed in the inguinal area and always in a femoral artery and vein. A distal site of insertion was chosen to keep the tip of the cat heter (a 9 cm, Secalon T cat heter) away from the aortic bifurcation. T he animals were killed with an i.v. bolus injection of 20 ml of saturated potassium chloride, when fully anaesthetized, at the end of each experiment.
Blo o d sa m pling a nd a na lysi s
All blood samples were drawn from the arterial line. Blood samples for determ ination of HCT, Hb, COHb and Evans blue concentrations were tak en simultaneously. Hb was analysed using a Coulter analyzer (ST KS, Coulter Electronic Ltd, USA). HCT was determ ined using standard haematocrit tubes centrifuged at 12 000 rpm for 10 min.
De te rm ina tio n o f re d b loo d c e ll vo lum e (V RBC ): Th e C O m e th o d
V RBC was determined during general anaesthesia using a closed-circuit breat hing system. One minute prior to CO administrat ion, pure oxygen was given. Just before CO administration, blood samples were drawn to obtai n baseline values (ˆcontrol value) of COHb by use of a diode-array spectrophotometer, (OSM3 haemoxim eter, Radiometer, Denmark ) (Christensen e t a l. 1993 ). T hereafter a 30 ml bolus of CO (Carbon monoxide 4.7=EWG-nr 211-128 -3, AGA, Germany) was introduced at atmospheric pressure into the closed breathing circuit of the anaesthesia machine and manually controlled ventilation with this mixture of CO and 100% oxygen was undertak en for 10 min. T he CO was obtained from a previously ®lled bag (100% CO reservoir-1.0 litre) with a plastic syringe (capacity 50 ml), and the bolus was injected over 15±30 s via a series of threeway Luer lock stopcocks. Immediately after the pure CO was added to the closed breat hing circuit and¯ushed by air to eliminate the dead space for CO, the stopcock was closed. At all times, the animals were isolated from exposure to the CO in the reservoir by at least two closed stopcocks. Because the accuracy of the technique is critically dependent on the volume and purity of the CO administered, extrem e care was taken to avoid all dead space and leak errors.
Leak test of the closed breathing circuit revealed a leakage of less than one per cent of the ventilatory minute volume. T his leak test is an automati c function of the Cato Anaesthesia Workstation (Dra Èger, Germany). T he leak test identi®es any leaks of relevance in the ventilation system, expressed as volume per unit of time. T he leak test is carried out by building up a constant pressure of 30 mbar. T he noted leakage thus represents a theoretical maxim um value, because in our experiments ventilation pressure under normal conditions was less than 30 mbar. Immediately after CO administration, blood sam ples (in triplicate) were drawn for analysis of COHb. T he samples were capped (without air bubbles), placed on ice and normally analysed within 30±60 min. T he CO remaining in the re-breath ing system aft er 10 min of controlled ventilati on, analysed by spectrophotometry (Morgan Benchmark, UK), was found to be only 0.2±0.4% of the total dose of CO administered, and was thus ignored.
Plasm a volume (PV CO ) was calculated from determination of V RBC , Hb and HCT according to the Equations 1±5.
where nCO is the molar am ount of CO added to the re-breath ing system (mmol), P B is the barometric pressure (mmHg), V CO is the volume of CO in litres at ambient temperature barometric pressure (AT BP) added to the re-breathing system, T is the room temperature ( C ), nHb is the molar amount of circulati ng Hb (mmol), DCOHb is the difference in COHb levels (% ) estim at ed before and after CO administrat ion, V RBC is the red blood cell volume (ml ). HCT is given in per cent and CF is the correction factor for trapped plasma (0.96±0.98 ) (Harrison e t a l. 1982 ).
Following measurements of V RBC , PV CO was calculated according to Equations 4 and 5. Subsequent values for PV CO was calculated from new V RBC values, based on exact blood loss recordings and actual HCT values. Finally, PV CO per kg body weight was calculated.
In vivo washout of COHb was followed in ®ve animals. Determination of COHb was analysed in samples taken from each animal every 15 min up to 180 min aft er adm inistration of CO. In vitro stabil ity of COHb was evaluated by re-analysing every sam ple from ®ve animals at different time intervals up to 120 min.
Pla sm a vo lum e (PV EB ) d e te rm ination: Th e Eva ns b lue te c h niq ue (EB)
Injection of a dye that distributes only within the PV, followed by spectrophotometric determ inations of dye concentration in plasm a is commonly used to determine PV. Evans blue binds to album in and under normal conditions it will be retained intravascularly. We used the method of El-Sayed and co-workers (1995). Brie¯y described, a standard EB calibrati on curve was constructed for each animal. Following i.v. injection (fem oral vein) of 3.5 mg Evans blue (Sigma, E2129 ) in isotonic saline solution, blood was sam pled at 4, 6, 8, 30 and 180 min after injection. All samples were tak en carefully (to prevent turbidity and haemolysis) from the femoral artery to provide uniform distribution of the indicator. T he absorbences of EB dye were read at 610 nm using a diode-array spectrophotometer (Hewlett-Packard 8452A). T he initial dye concentration was found by extrapolat ing to time zero in a semi-log plot. T his value was used to calculate PV EB (in ml) according to the formula:
where I is the injected dose of Evans blue (mg) and C 0 is the dye concentration at time zero (mg=ml).
T he dose of Evans blue dye was reduced due to the relati vely low serum albumin level of the piglets (mean (SD ) 24.4 (4.4 ) g=l). T his was done to avoid a free fraction of Evans blue if saturat ion of the binding proteins should occur.
Sta tistic s
As a ®rst measure of the association between the two methods the linear correlation coef®cient was calculated. Furthermore, analysis of agreement as suggested by Bland and Altman (1986 ) was carried out. T he differences between PV as determined with the CO method and the EB technique were plotted against the average PV value (m ean of PV CO and PV EB ). Bias was evaluated using the mean difference between the two methods, and precision was calculated as the limits of agreement, de®ned as mean difference 2SD.
Results
Body weight, age, Hb, HCT, plasma volume determ ined with the CO method (PV CO ) and the Evans blue technique (PV EB ) are shown in Table 1 . Haem odynamic variabl es (Table 2) , acid base and blood gas parameters (Table 3) remained within the normal range throughout the study. 7.49 (0.07) 7.44 (0.04) 4.4 (0.5) 4.9 (0.9) 1.9 (4.6) 0.5 (1.5) 25.4 (8) 18.5 (7.5) 99.4 (1.0) 98.7 (0.9) Values before (1) and after (2) carbon monoxide administration are presented as mean with SD in parentheses (nˆ7) T he mean COHb concentrations before and 2.5±15 min after administration of CO are shown in Fig 1A. T he maxim um concentration of COHb was reached within 5±7.5 min. T he in vi tro stabili ty of COHb concentrat ion as a function of tim e in sam ples stored on ice is presented in Fig 1B. T he in vivo COHb decay curve (Fig 2) revealed a half-life of COHb of about one hour.
Comparison of plasma volumes determined with the CO method and the Evans blue technique demonstrated good correlation (rˆ0.995 ) as indicated in Fig 3A. T he precision and the bias measure of Bland and Altman (1986 ) used to compare the simultaneous pairs of PVs are presented in Fig 3B. T he bias calculated as the mean difference between the PV measurements by the Evans blue technique and the CO method was ¡ 29.9 ml; the limits of agreem ent (mean difference 2SD ) were ¡ 289.1 and 229.3 ml, which means that 95% of the expected differences will lie between these limits as shown in Fig 3B. 
Discussion
A simple and reliable method for the determination of PV would be an essential tool in uid balance studies. In this investigation we found the CO method to be easily applicable, reliable and without major side effects in Cr-red blood cell dilution is regarded by some as the most accurate technique available for blood volume measurement. In this study the Evans blue method has been used as our`standard' to avoid accumulation of radioac tivity during repeated measurements in the sam e (large) anim al at short intervals.
In the following discussion we will emphasize some aspects concerning the CO method without at tempting a broad analysi s of alternative methods. Measurem ent of blood volume, or fractions thereof, based on the principle of indicator dilution requires three basic criteria be ful®lled: (A) the substance used as indicator must have reached uniform concentrat ion in the cell mass or plasm a occupying all portions of the vascular compartment before the sample to be measured is taken; (B) the substance must not leave the blood stream during the mixing period, which precedes the sampling, or if doing so, the rate of disappearance must be known; (C) the indicator must be precisely and accurately measured.
Both COHb and Evans blue concentrations can be measured accurately using spectrophotometry. T he CO method is easier and faster to perform than the Evans blue technique.
Ext ravascular loss of CO to non-circulating Hb, myoglobin and other haemeproteins has been calculated by Godin and Shephard (1972 ) to be less than one per cent after 10 min and is thus negligible. Since Evans blue is bound to albumin, it presents potential problems because some capillary leakage of plasm a proteins will normally occur, allowing distribution to the extravasc ular space. In pathological conditions with in¯am mation, extravasati on of albumin might be greatly increased, resulting in an overestimation of PV EB . Plasm a volume as measured by Evans blue is only valid as long as the capillaries remain impermeable to albumin. In this respect the CO method is superior. In this set-up we did not expect a high extravasati on of albumin. Our pigs were healthy with no signs of increased capillary leakage (oedema) or in¯ammatory response, with stable albumin levels, haemodynamics and blood param eters.
A strictly linear relationship between the amount of CO administered and the COHb concentrat ion of the blood in the range 1±40% COHb has been reported in relati on to continuous as well as intermittent administration (Sjo È strand 1948, T homsen e t a l. 1991 ). T his is a prerequisite for the use of the CO method.
Carbon monoxide toxicity represents a potential hazard. In this study we reached CO concentrations in the range 10±12% with no accompanying acidosis. In order to make repeated measurements at shorter intervals possible, a reduced CO dose may be used. Decreasing the peak COHb level to around 5% , which is the level found in smokers, would also dim inish the risks involved. T his could be done without reduction in accuracy (Dingley e t a l. 1999).
T he calculat ed mean blood volume=kg body weight (using the param eters obtained with the CO method and presented in the table) was 75.9 (9.3 )ml=kg, which corresponds excellently with other reported values for piglets at this age (Kisch e t a l. 1995, Dingley e t a l. 1999 ).
In conclusion, we have successfully used a simple device for delivery of a de®ned amount of CO into a closed re-breath ing circuit in order to determ ine the PV. We have demonstrated a satisfact ory agreement between the PV determined by the CO method and that found using the Evans blue technique. No signs of major side effects following CO administration were seen. T he CO method is easy to use and indications are that it is safe and accurate.
